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Several techniques for characterizing flaws and inclusions using 
ultrasonic scattering information have been developed in recent years. 
These algorithms assume a noise-free medium and are sensitive to per-
turbations in the acquired spectra. However, surface roughness and 
volumetric porosity effects alter the available data. 
In order to determine the effects of surface roughness typical 
of aluminum castings on inversion accuracy, a sequence of experiments 
was performed. Ultrasonic backscattering data were acquired from 
spheroidal defects in flat, smooth surfaced, diffusion bonded titan-
ium samples. Next, the scattering spectra were perturbed using theo-
retically or experimentally determined transmission spectra obtained 
from rough surfaced cast aluminum samples. Inversion procedures 
were applied and results analyzed. 
INTRODUCTION 
For some time it has been realized that inverse solutions to 
the problem of ultrasonic waves scattered from inclusions in a host 
medium must encompass not only the size, shape and orientation of 
the inclusion, but also the characteristics of the surfaces of both 
the inclusion and the sample under investigation. 
Scattering of ultrasonic waves from crack-like inclusions with 
smooth surfaces of circular and elliptical shapes was studied by 
Adler and Lewis. l They analyzed their results using various modifi-
cations 2 of Keller's geometrical theory of diffraction. 3 Achenbach 
and Gautesen 4 extended this geometrical theory to elastodynamics. 
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Subsequently Achenbach, Adler, Lewis and MCMaken 5 showed that the 
measured scattering field from circular cracks can be predicted from 
theory, and suggested an inversion procedure to determine the size, 
shape and orientation from features of the amplitude spectrum. The 
problem was generalized by Adler and Achenbach6 to include elliptical 
crack-like inclusions. 
It was realized that volumetric cracks in general do not have 
smooth surfaces, but instead exhibit a random roughness due to 
fatigue fracture or crystal growth, and that for a complete charac-
terization, other parameters such as the r.m.s. roughness, the prob-
ability distribution of this roughness, the correlation length, etc. 
were essential. Methods to study such randomly rough flat surfaces 
were developed by de Billy, Cohen-Tenoudji, Jungman and Quentin,' 
and applied by Quentin, Cohen-Tenoudji, Adler and Lewis 8 to specially 
prepared diffusion bonded samples having smooth surfaces and contain-
ing cracks with fracture surfaces. 
Scattering from spheroidal inclusions was considered by 
Gubernatis, Domany and Krumhansl 9 using the Born theoryts approxima-
tion in the regime ka < 10, where k is the wave number and a the 
characteristic radius of the spheroid. This theory was compared 
with ultrasonic scattering from spheroids by Adler and Lewis10 and 
confirmed for inclusions having smooth boundaries. Subsequently Rose 
and Krumhanslll developed an inversion algorithm for one dimension. 
Since this inversion depends on the noise level and bandwidth 
of the spectral information available,12 the effects of rough sur-
faces of the samples which contain inclusions on the power density 
and spectral distribution of the incident ultrasonic beam must be 
considered. In addition, the characteristics of the plane of dif-
fusion bonding can complicate the application of any inversion rou-
tine, and must be taken into consideration. 
In this report, we compare the Born inversion to experimental 
results. Since no diffusion bonded samples having rough sample sur-
faces are presently available, we obtain first the results of the 
algorithm, and then perturb the scattering data with the experimental 
results obtained from direct reflection from and through rough sur-
faces. A preliminary study of volumetric "roughness" effects is 
also included. 
THEORY 
The Born approximation for elastic wave scattering was developed 
by Gubernatis, Domany and Krumhansl 9 to treat three dimensional scat-
tering when ka < 10. The scattering inclusion is described by the 
characteristic function y which is equal to one inside and on the 
boundary of the inclusion, and zero elsewhere. 
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Boundary conditions are those of the Born theory, and the displace-
ment there is taken as equal to the incident field when the inclusion 
is absent for the first iteration. The total field is then the inci-
dent plus the scattered field, and the theory is amenable to treat-
ment of mode conversion. By using a pulsed ultrasonic system, rather 
than continuous wave, the various components can be time separated 
and experimentally compared. 
The theory was compared to experiment by Adler and Lewis 10 for 
spheroidal voids in titanium alloy, and found to be in agreement as 
long as ka < 10. These results will not be presented again in this 
paper. It should be noted that this theory specifically treats so-
called soft scatterers, that is, inclusions with material properties 
nearly the same as those of the host material, but gives good re-
sults for materials as dissimilar as metals and voids. 
The application of this theory to a direct one dimensional 
inversion technique was developed by Rose and Krumhansl 11 and uses 
the measured complex frequency spectrum of the scattered field A(k) 
to determine the characteristic function of the scattering inclusion. 
The experimental spectrum is inverse transformed from frequency to 
time to determine the impulse response, 
d2 f 3 R(t) = Const. -2 d ry(r) 
dz (2) 
ct 
z =-2 
and again transformed to determine the area of the inclusion insoni-
fied by the incident beam as a function of time. 
f A(k) . a(z) = Const. dk ~ exp{-12kz} (3) 
Since the inclusion is assumed spheroidal, time shifting so that 
the maximum of the area function corresponds to the local zero of 
time effectively sets the time scale to match the incident beam 
reaching the center of the inclusion. 
When the experimental spectrum is time shifted by the same 
amount, corresponding to a phase shift in frequency space, the real 
part of the scattering spectrum can be inverted to give the charac-
teristic function for one dimension. 
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The in line radius can then be determined by any of several ways. 
We report here on results obtained by integrating the characteristic 
function and dividing by its maximum value, though the method of 
determining at what distance the function assumes half its maximum 
value also gives good results. 
The inversion is very sensitive to the band of frequencies 
available, and must have information in the regime 0.5 < ka < 2.512• 
The signal-to-noise ratio is also a perturbing factor, although in-
sufficient data have been acquired to characterize the limits for 
uncertainty in the inversion results. 
Surface roughness effects fall into two categories, scattering 
from a periodic surface--that is, surfaces with a profile which re-
peats at regular intervals, and scattering from randomly rough sur-
faces which have no pattern. Scattering from periodic surfaces was 
discussed by Jungman, Adler and Quentin,13 and further investigated 
because some composite materials or surface finishing techniques 
exhibit such periodicity. Such a periodicity was found during the 
course of the work in this report, and further work is reported on 
in another paper in this volume. 14 
Randomly rough surfaces, investigated by Welton 1S and de Billy, 
Cohen-Tenoudji and Quentin 7 can be characterized theoretically if 
the distribution of variation of the surface height from the mean 
value is Gaussian. In this case, the scattered intensity breaks up 
into two parts: the coherent scattering, which dominates at low 
frequencies, e.g., kh < 0.5. where h is the r.m.s. roughness. and 
incoherent scattering. which dominates in the higher frequencies. 
Thus. the average value can be expressed as: 
<I> = <I>coherent + <I>incoherent 
For backscattering, we can write: 
<I>coh ~ I exp{-g}. g = 4k2h2 
o 
for the frequency range corresponding to 4 k2 h 2 < 1, where 
h = k[N [U;i - ~)2r~ 
i 
is the r.m.s. roughness, or average difference from the average 
surface height, s. 
(5) 
(6) 
(7) 
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PROCEDURE 
Since the inversion routine requires a known range of frequen-
cies, the bandwidth of the various samples to be investigated was 
calculated, and the necessary bandwidth plotted on a reference chart, 
Fig. 1. 
The samples are, respectively, a tungsten rod of 1587.5 microns 
radius, with its axis parallel to the surface of the weld, a spheri-
cal drop of solder of radius 307.0 microns cast in a plastic block, 
a spherical void of radius 600.0 microns in the center of a diffu-
sion bonded titanium disk, a 400.0 micron radius spherical void, 
also in titanium, and an oblate spheroidal void of semi-major axis 
400.0 microns and semi-minor axis 200.0 microns in diffusion bonded 
titanium with its axis of symmetry perpendicular to the sample sur-
face. Results on these smooth surfaced samples, in general, are 
accurate and are presented in the concluding table of results. 
The experimental system used to take and process the data is 
shown schematically in Fig. 2, and consists of the mechanical sus-
pension of the transducer (not shown), a digital transient recorder 
capable of a sample rate of 100 MHz, and a mini-computer with peri-
pherals for graphic display, control, and permanent storage of 
acquired data. All data were acquired using immersion methods. 
The waveform was captured and transferred to the computer in a 
record length of 20.48 microseconds, and the signals of interest 
Weld RB-1 _ 0.29-1.49 
Plastic TL-1 0.68 -3.42 
Titanium 2-12-64 0.84 -4.20 
Titanium 2-8-64 1.26 -6.31 
Plastic T L-26 2.42-12.07 
Titanium 4-8-64 2.52 -12.61 
SAMPLES 
o 5 10 15 
FREQUENCY (MHz) 
Fig. 1. Required bandwidth of experimental samples for Born 
inversion routine. 
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Fig . 2. Schematic diagram of experimental system. 
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are digitally gated and fast Fourier transformed. The resulting 
spectrum was then deconvolved from the transfer function of the sys-
tem, and put into the inversion algorithm. In order to minimize 
both digital and electronic noise, many samples were acquired and 
averaged, and to avoid any errors caused by timing jitter, each wave-
form was time correlated with the previous summed data and shifted 
to an accuracy of better than one sample interval. Figure 3 illus-
trates this process, as well as the steps of the Born inversion. 
Once the correct time shift has been determined, the complex 
spectrum can be time shifted by this amount, using an exponential 
shifting factor, and the real part of the spectrum is used to calcu-
late the characteristic function, from which the estimated radius 
follows. Again, all results in this paper used the estimation method 
of integrating the characteristic function and dividing the value by 
the maximum, though a direct estimate from the distance at which this 
function assumes half its greatest value seems promising also. 
The determination of the r.m.s. roughness of our sand cast 
aluminum block followed three different paths, a direct profile mea-
surement using a mechanical profilometer and calculations as in 
Eq. (7), measurements of the back reflected attenuation using single 
frequency quartz disk transducers, and broadband measurements of the 
reflection losses as a function of frequency. Figure 4 shows the 
results obtained. 
The single frequency measurements used a gated burst of sine 
wave excitation to power the quartz disks at their resonant frequency, 
while the broadband measurements used a sharp spike to excite a 
commercially available broadband transducer. Both measurements were 
at normal incidence, and both employed the pulse-echo technique. 
~EADDATA TIME SHIFT 
SUM 
AVERAGE 
GATE 
TIME SHIFT 
FFT 
DECONVOLVE 
,------....: ... ~PHASE SHIFT 
CALCULATE IMPULSE RESPONSE 1----- CALCULATE AREA FUNCTION 
SEPARATE REAL SPECTRUM 
CORRECT LOW & HIGH FREQUENCY 
CALCULATE CHARACTERISTIC FUNCTION 
CALCULATE IN-LINE RADIUS 
Fig. 3. Flow chart of data acquisition and evaluation. 
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--- BROADBAND MEASUREMENT 
• SINGLE FREQUENCY 
• 
Fig. 4. Attenuation (dB) versus frequency for cast AI. #1. 
Two phenomena noticed during the broadband procedure were the 
sharp attenuation at a single frequency in the back reflection from 
a calibration titanium disk, and the reflection from the interface 
of several of the diffusion bonded titanium disks at normal inci-
dence. The calibration disk, containing a 5.0 mm, smooth flat disk 
at the center, had been resurfaced and the milling marks left on the 
surface constituted a periodic profile which corresponded to the 
exact absorption observed. The mechanism for the reflection from 
the bond plane in the diffusion bonded samples has not been explained 
as yet, but an amplitude scan of one of the disks is shown in Fig. 5. 
In order to estimate the error which one can expect a rough 
surface to introduce into the inversion algorithm, the experimental 
spectra acquired previously through smooth surfaced samples were 
perturbed by multiplying the amplitude spectra by the spectrum of 
the rough surface of the aluminum cast. This in effect introduced 
a frequency dependent attenuation into the data passed to the in-
version and limited the information available at higher frequencies. 
Figure 6 shows the effect of this perturbation on the modulus of 
the deconvolved experimental spectra for two of the samples. 
These new spectra were then put into the inversion and the new 
estimates compared to the previous results. In addition, the sur-
face of sample TL-l was roughened using sandpaper in an attempt to 
simulate a Gaussian roughness, and the new data obtained through 
the roughened surface were also used in the inversion estimation. 
The results for all samples using these techniques are summarized 
in Table 1. 
Since cast aluminum exhibits a roughness throughout its volume 
as well as on its surface, preliminary studies were carried out to 
determine the effects of multiple scattering in a volume determined 
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6810 12b14 16 18 20 
F,ig. 5. (a) Integrated power (dB) for sample 2-12-64, 600. micron 
disk in titanium alloy. (b) Representative amplitude spec-
trum versus frequency, normal incidence, sample 2-12-64. 
Table 1. Summary of estimated radii in microns 
Actual Estimated 
Sample Radius Radius 
RB-1 Weld Inclusion 1587.5 1522 
TL-1 Spherical Void 307.0 
in Plastic 
TL-l Spherical Void 307 
thru roughened 
surface 
2-12-64 Spherical 600.0 
Void in 
Titanium 
2-8-64 Spherical 
Void in 
Titanium 
4-8-64 Spherical 
Void in 
Titanium 
400.0 
200.0 
291.1 
227.5 
619 
425.5 
243.0 
Perturbed Estimate 
Aluminum Casting 
261.4 
460.8 
194.0 
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o 
Fig. 6. Deconvolved experimental amplitude spectrum, perturbing 
surface reflection spectrum and resulting amplitude spec-
trum, of (a) Sample 4-8-64, oblate spheroid in titanium, 
(b) Sample TL-l sphere in plastic. 
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by the beam width and the depth of penetration of the beam. One 
surface of the sample was milled parallel to the profiled rough sur-
face and smoothed by polishing. Measurements showed the deviation 
to be less than a few mills, and broadband reflection measurements 
showed no effects of any structure on the smoothed surface. Reflec-
tion spectra were then taken through the rough surface from the 
smooth surface. and deconvolved. The block was then machined again, 
and the experiment repeated. Figure 7 shows the results obtained 
for a zero volume--that is. reflection from the surface only. and 
the reflection spectra obtained for both depths to the smooth surface. 
CONCLUSION 
In this paper we have presented the results of experiments to 
find an estimate of the radii of various inclusions in different 
materials using the Born inversion. The results for ideal experi-
mental conditions show good agreement with the known size of the 
inclusions. 
We have also presented the results of scattering at normal 
incidence from randomly rough surfaces and found the comparison of 
the estimated roughness to be in good agreement with the measured 
value. We then presented the results of perturbing the ideal re-
sults with the surface scattering transfer curve, and presented the 
new estimates determined from the Born inversion. 
o 1 2 3 
A - Surface 
B -12 mm 
C- 24 mm 
4 
Frequency I MHz I 
5 
Fig. 7. Transfer curves for rough aluminum casting. 
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Finally, we have presented a preliminary study of multiple 
scattering effects in a block of cast aluminum through various 
depths of penetration. 
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DISCUSSION 
B.D. Cook (University of Houston): Could you not make an estimate of 
the size of the flaw just from the area function itself? 
K. Lewis (Ohio State University): You can do that rather nicely, but 
we were not set up for that. We were more interested in the char-
acteristic function, and we were frankly interested in what the 
Born inversion did. It finally does spit out a number, and that 
number was what we wanted. 
J.H. Rose (Ames Laboratory): The area function requires you to esti-
mate from one zero to the other zero, I presume, if you want to get 
a size estimate, and that can be a little bit of a problem if the 
data are noisy or band limited. It can do a really good job on 
spheres. It gets to be rather problematic with spheroids and other 
shapes. The characteristic function seems to have a little bit 
sharper definition than just using the area function directly. 
The other point I's like to make is that you commented upon how you 
chose the radius. I've been able to push through an analytic cal-
culation for a band-limited transfer for band-limited signal all 
the way, and what I find is that the 50% point is a factor of 10 
more accurate than using the integral, so that I would generally 
recommend a 50% point be used. 
K. Lewis: But it's not as easy. 
J.H. Rose: True. 
